In the isolated inner ear of the axolotl (Ambystoma tigrinum) acid pH decreased and basic pH increased the resting and mechanically evoked spike discharge of semicircular canal a¡erent neurons. Variations in pH also modi¢ed the a¡erent neuron response to N-methyl-D-aspartic acid (NMDA) acid and to (7)-a-amino-3-hydroxy-5-methylisoxazole-4 -propionic acid (AMPA). Responses to both excitatory amino acid agonists increased at pH 7.8 (41% and 22%, respectively) and decreased by perfusion of the preparation with a saline solution, of pH 7.0 (28% in both cases). These results indicate that vestibular endorgans have a signi¢cant sensitivity to pH that could play a signi¢cant role in various pathological states, and may also contribute to the post-transductional processing of sensory information. NeuroReport14 :1327^1328
INTRODUCTION
Systemic changes of pH such as in metabolic alkalosis or acidosis have been found to have significant influences in the course of Ménière's disease symptoms [1] . Acidosis might be a cause of recurrence of vertigo in patients with unilateral vestibular dysfunction [2] . There are also reports indicating that patients with typical negative pH chronic myeloid leukemia may suffer profound deafness [3] .
Studies using stimulus parameters analogous to those used in cochlear implants have shown that important pH shifts may take place at high stimulus rates [4] . Ballestrasse et al. [5] estimated that large local pH oscillations (between pH 4 and 10) would occur at 0.1 mm from electrodes during stimulation with a charge balanced current pulse at charge densities used for neural stimulation.
Recently, a feasible prototype of a vestibular implant for clinical use has been developed. Thus, it seems desirable to precisely define the susceptibility of vestibular endorgans to pH modifications that could take place under the influence of the stimulating electrodes from the implant [6, 7] .
In this study, we have examined the effect of extracellular pH on the basal, mechanical and excitatory amino acid evoked electrical activity of the semicircular canal afferent neurons.
MATERIALS AND METHODS
Experiments were performed in wild larval axolotl (Ambystoma tigrinum) as reported previously [8] . The animals were anaesthetized by immersion in 3-aminobenzoic acid ethyl ester (0.1% in water) and subsequently decapitated. All efforts were made to minimize animal suffering as outlined in the Guide for the Care and Use of Laboratory Animals of the National Academy of Science, USA.
The otic capsule was opened ventrally, and the nerve fibers of the anterior and lateral canals were dissected up to the brain stem. The isolated inner ear was transferred to a recording chamber and continuously perfused with normal Ringer solution: (in mM) KCl 2.5, NaCl 113, CaCl 2 1.8, MgCl 2 1.0, glucose 10, HEPES 5, pH 7.4 adjusted with NaOH. Multiunit extracellular recordings were obtained from the lateral semicircular canal nerve using a suction electrode. In some of the experiments, the preparation was mechanically stimulated. For this, the preparation was mounted on a rotating table and stimulated with sinusoidal accelerations (0.2 Hz).
N-methyl-D-aspartic acid (NMDA) and (7)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) were from Sigma Chemicals Co. (St. Louis, MO). Drugs were pressure ejected from a pipette (100 mm tip diameter, flow rate 10 ml/s) positioned o 500 mm from the origin of the afferent fibers. Each ejection period lasted 2 s, during which 20 ml of the drug were ejected. Modifications of the pH were done in the bath by substituting the perfusion solution with a solution to which NaOH or HCl was added to adjust the pH to the various values. Variations in Na + concentration produced a negligible osmolarity change in the Ringer solutions.
RESULTS
Multiunit spike activity from the semicircular canal nerve was consistently recorded in 36 experiments. Perfusion of the preparation with a solution with pH o 7.4 consistently decreased the resting and mechanically evoked afferent electrical discharges. In contrast, perfusion with a solution with pH 4 7.4 increased the basal and mechanically evoked electrical activities (Fig. 1) . Modification of the resting discharge level by pH took place over a short time course, and a stable discharge regime was reached within 5 min. The change induced by pH modifications over the mechanical response was always about 15% less than that induced over the basal resting discharge (data not shown).
To define whether variations of pH were capable of modifying the afferent neuron response to the hair cell afferent transmitter, the effect of 1 mM NMDA (n ¼ 5) and 100 mM AMPA (n ¼ 7) perfusion were studied at pH 7.4 (control), and at pH 7.0 and 7.8. Responses to both excitatory amino acid agonists increased at pH 7.8 and decreased by perfusion of the preparation with a saline solution with pH 7.0 ( Table 1) . The respective increment and decrement of the response to NMDA and AMPA were proportional in magnitude to changes in the resting activity induced by pH modifications.
DISCUSSION
These results indicate that extracellular pH exerts a significant modulatory action on the semicircular canal afferent neuron electrical discharge. This effect may take place at various levels including the hair cell, afferent synapse gain or afferent neuron. Actions at the hair cell or afferent neuron level implies the expression of acid sensing ion channels (ASIC) which, in fact, have been found by RT-PCR to be expressed in vestibular endorgans in rats [9] . In sensory neurons ASICs are thought to play an important role in nociception during tissue acidosis and in inflammation. Low extracellular pH activates a transient depolarizing inward current in both central nervous system and peripheral sensory neurons [10, 11] . This current would facilitate the spike discharge. In contrast, protons inhibit the NMDA receptor with an IC 50 that is close to physiological pH. Although AMPA and kainate responses have been found to remain unchanged at similar pH levels [12] , there are also reports indicating that extracellular protons can reduce AMPA effects [13] . In our experiments, increasing extracellular proton concentration decreased the response of the afferent neurons to both NMDA and AMPA. Therefore, since acidosis induced a decrease of the semicircular canal afferent neuron electrical discharge, we hypothesize that main action of protons in our system is through the modulation of afferent synapse gain due to a direct action upon the excitatory amino acid receptors mediating the afferent transmission. However, voltage clamp experiments in isolated hair cells and afferent neurons are required to define whether these cells express or not the ASICs, and which type of currents are produced by their activation.
CONCLUSION
Tissue acidosis is a natural occurring phenomenon that develops in ischemic, damaged or inflamed tissues. The sensitivity of vestibular endorgans to pH could play a significant role in various pathological states and may also contribute to the post-transductional processing of sensory information.
